Abstract 2-Hydroxy-3-(1-naphthyloxy)propyl methacrylate (NOPMA) monomer was synthesized from reaction of 2-[(2-naphthyloxy)methyl]oxirane with methacrylic acid in the presence of pyridine. The polymerization of NOPMA was carried out by free radical polymerization method in the presence of AIBN at 60°C. The structure of monomer and polymer was characterized by 1 H-NMR, 13 C-NMR and FT-IR spectroscopy techniques. The glass transition temperature and averagemolecular weights of poly(NOPMA) were measured using differential scanning calorimetry and gel permeation chromatography, respectively. The thermal degradation behavior of poly(NOPMA) has been investigated by FT-IR studies of the partially degraded polymer and thermogravimetry. The cold ring fractions (CRFs) were collected at two different temperatures, initially fraction-1 (CRF 1 ) is from room temperature to 320°C, and the other fraction-2 (CRF 2 ) is from 320 to 500°C. The volatile products of the degradation were trapped at -195°C (in liquid nitrogen). All the fractions were characterized by FT-IR, 1 H and 13 C-NMR spectroscopic techniques, and the cold ring fractions (CRFs) were also characterized by GC-MS. For the degradation of polymer, the major compound between products of CRFs is a-naphthol. The GC-MS, FT-IR and NMR data showed that depolymerization corresponding to monomer was not prominent below 320°C in the thermal degradation of poly(NOPMA). The mode of thermal degradation containing formation of the major products was identified. The dielectric permittivity (e 0 ), the loss factor (e 00 ) and conductivity (r ac ) were measured using a dielectric analyzer in the frequency range of 50 Hz to 20 kHz.
Introduction
Many studies on thermal behavior of methacrylate polymers have been reported for a long time. Because the degradation mechanism is very good comprehensible initiation of depropagation with first-order termination or depropagation by chain end and random chain breakdown, widely different rate constants and E a (activation energy) have been investigated [1] [2] [3] . The researches necessary to undertake on the thermal degradation of polymers are important in view of the many applications depending on their thermal stability. To accomplish this goal, many characterization methods including gas chromatography-mass spectrometry (GC-MS), thermal analysis and spectroscopic techniques, etc., [4] have been used. The basic degradation pathways of depolymerization and side group reaction for homopolymer are first outlined and some of the additional reaction types and behaviors for random copolymers have been illustrated [5] . The thermal behavior of methacrylate polymers having a polar functional side group such as C=O, O-H can change via interchain and intra-chain of the side groups which results in cyclization, crosslinking, and so on [6] [7] [8] . In the recent years, investigations on thermal degradation of methacrylate and acrylate polymers having different side groups [9] [10] [11] have also been recorded in the literature. The chemical structure of a polymer having a reactive side group may change through interchain and intra-chain of the side groups resulting in the formation of a cross-linked and cyclic ladder structure during degradation of the polymer [12] [13] [14] .
Many investigations on electrical behaviors of various polymer methacrylates and styrenes have been reported [15] [16] [17] . In order to characterize the nature of the conduction process, ac conductivity measurements are very significant. When a dielectric material is inserted between electric charges, it decreases the force acting between them, just as if they had been moved away from each other. The dielectric constant of a material affects how electromagnetic signals move through the material [18] . So, the dielectric constant and dissipation factor provide more information on the physical or chemical state of the polymer. They are crucial quantities required in the design of certain electronic devices. The dielectric treatment of polymer is defined by the thermal motion and charge distribution of its polar groups. Poly(NOPMA) is a polymer containing hydroxyl side group. Polymers such as poly(2-hydroxy ethyl methacrylate) and poly(2-hydroxy propyl methacrylate), a major component in materials for contact lenses, drug delivery, and hydrogels are used for a variety of applications. Some polymers with OH group possess hydrogel properties. The swollen hydrogels display extensive properties such as high water content, good biocompatibility, soft consistency similar to natural tissue, and elasticity, structural integrity. In this context, there are expectations being important polymer in view of materials used for contact lenses, drug delivery, and hydrogels of poly(NOPMA) which is similar to hydroxylated homologs [19] [20] [21] .
In this work, we report on the preparation of poly(NOPMA) and thermal degradation behavior from ambient temperature to 320°C and then 500°C. Thermal behavior of poly(NOPMA) has been investigated using thermal analysis techniques. The degradation products were analyzed using GC-MS technique. The degradation behavior of poly(NOPMA) was partially compared with those of poly(2-hydroxyethyl methacrylate) and poly(2-hydroxypropyl methacrylate). A mode of degradation by considering the formation of degradation products has been formulated based on the results of TGA, FT-IR, NMR and GC-MS analyses. Also, the dielectric properties of poly(NOPMA) were measured based on frequency and temperature. More particularly, the dielectric loss, dielectric constant, and conductivity of the poly(NOPMA) were measured by impedance analyzer.
Materials and methods

Materials
Epichlorohydrin, pyridine, methacrylic acid, potassium carbonate, a-naphthol were purchased from Merck and Sigma-Aldrich and used as received. The AIBN (2,2 0 -azobisizobutyronitrile) was crystallized from methanol-chloroform mixture.
Measurements
The NMR spectra ( 1 H and 13 C-NMR) were obtained using an AVANCE III 400 MHz Bruker, using CDCl 3 as the solvent. The infrared and calorimetric measurements were carried out using a Perkin-Elmer Spectrum One FT-IR spectrometer and a Shimadzu DSC-50 thermal analyzer (at a heating rate of 20°C/min), respectively. TGA measurements were carried out on approximately 4-6 mg samples at a heating rate of 10°C/min nitrogen atmosphere (under flow of 10 cm 3 /min). Average-molecular weights were estimated using on an Agilent 1100 series, GPC (gel permeation chromatography), using poly(MMA) as a standard. GPC measurements were carried out at 25°C using a silica gel column with tetrahydrofuran (1 mL/min) as a solvent and a refractive-index (RI) detector. The dielectric properties of polymers were obtained using a QuadTech 7600 precision LRC meter impedance analyzer range from 50 Hz to 2 MHz. The degradation products were analyzed by GC-MS from Agilent Technologies 6890N (Network GC System and Agilent Technologies 5973 Inert Mass Selective Detector).
Synthesis of 2-[(2-naphthyloxy)methyl] oxirane
To a 100-mL flask were added a-naphthol (3 g, 0.02 mol) and epichlorohydrin (15 mL) and then poured excess of powdered NaOH (1.38 g, 0.034 mol). The mixture was refluxed at 110°C for 5 h and then stirred for 12 h at room Synthesis of 2-hydroxy-3-(1-naphthyloxy)propyl methacrylate, NOPMA NOPMA was prepared from the reaction of methacrylic acid with 2-[(2-naphthyloxy)methyl] oxirane via the method given for the epoxy-carboxy reaction [22, 23] . For this purpose, methacrylic acid (1.5 g, 0.017 mol) added to the flask added was dissolved in pyridine (1 mL). A solution of 2-[(2-naphthyloxy)methyl] oxirane (3.4 g, 0.017 mol) in dry dioxane (30 mL) was slowly added to the flask over 1 h. Hydroquinone was added to prevent polymerization of the monomer to the reaction mixture, and then was stirred for 18 h at 85°C. The formed monomer was dissolved in chloroform and washed three times with water. The 2-hydroxy-3-(1-naphthyloxy)propyl methacrylate (NOPMA) was obtained as a pure product. water and dried in vacuo before polymerization. The NOPMA was polymerized at 70°C in the presence of 1,4-dioxane using AIBN as initiator. The formed polymer was poured drop by drop within n-hexane. The polymer was dissolved in dichloromethane and reprecipitated in n-hexane and then dried at 40°C for 24 h under vacuum.
Results and discussion
Characterization Poly(NOPMA) having various functional side groups such as hydroxyl, carbonyl, ether and aryl was synthesized by free radical polymerization method at 70°C in the presence of 1,4-dioxane using AIBN as initiator. The 1 H-NMR spectrum of the monomer (Fig. 1a) showed important signals such as olefinic protons at 6.17 and 5.54 ppm, 8.3-6.8 (protons on aromatic ring), 2.1 ppm (CH 3 ), 2.98 ppm (OH), 4.25 ppm (CH 2 protons next to ester group), 4.5 ppm (CH proton next to OH group). The 13 C-NMR spectrum of the monomer (Fig. 1b) showed important signals at 18.3 ppm (CH 3 ), 65.8 ppm (-OCH 2 -), 154.0 ppm (ipso carbon on aromatic ring), 124.8-128.0 ppm (CH on aromatic ring), and 135.9 ppm C=CCH 3 ), 166.0 ppm (C=O). The IR spectrum of poly(NOPMA) showed the most characteristic bands at 3397 cm
13 C-NMR spectrum of the polymer monitored the most characteristic signals at 177 ppm (C=O), 154 ppm (ipso carbon on aromatic ring), 44 ppm (quaternary carbon on the main backbone). The 1 H-NMR spectrum contains important peaks at 8.6-7.0 ppm for the protons on the naphthyl group and 4.45 ppm ((-COOCH 2-CH(OH)). The number average-molecular weight of poly(NOPMA) prepared by free radical polymerization method is 7600 g/mol and its polydispersity is M w /M n = 1.61. A DSC thermogram for poly(NOPMA) was generated using a DSC-50 (at heating rate of 20°C/min). The T g curve of poly(NOPMA) is displayed in Fig. 2 . The T g values for poly(2-hydroxyethyl methacrylate) and poly(2-hydroxypropyl methacrylate), poly(phthalimido-2-hydroxypropyl methacrylate) [poly(-PHPMA)] [24] bearing hydroxyl side group have been recorded as 100, 95 and 135°C in the literature, respectively. The T g of poly(NOPMA) prepared in this study is 110°C. Although the average-molecular weight of poly(NOPMA) is low, its T g is relatively high. The T g of the polymer reflects the movement ability of the chain or side group. 
Thermogravimetric study
The thermal decomposition temperature of poly(NOPMA) was determined by thermogravimetric analysis. The results of poly(2-hydroxypropyl methacrylate) (HPMA) and poly(2-hydroxyethyl methacrylate) (HEMA) bearing hydroxy side group are given in Table 1 as compared with that of poly(NOPMA) [25, 26] . The thermogram of poly(NOPMA) clearly indicates that it undergoes a decomposition in two stages. The first decomposition stage of the poly(NOPMA) was at 187°C with a weight loss of 37 %, and the other is at 310°C with a weight loss of 46 %. Although the initial decomposition temperature of poly(NOPMA) was lower than those of poly(HEMA) and poly(HPMA) its thermal stability at progressive temperatures was observed to be lower. This phenomenon means that the decomposition temperature of poly(NOPMA) starts (formation of a-naphthol) by side group elimination without breaking the chain in the structure of the polymer. The TG thermograms of poly(NOPMA) at different heating rates are displayed in Fig. 3 . The E a (activation energy) for the thermal decomposition of poly(NOPMA) was determined by Flynn-Wall-Ozawa method, which is widely used. The [27] . For the thermal degradation of polymers, in which depolymerization is competing with crosslinking or cyclization because of the side groups, TG studies at different heating rates are much more suitable than ITG (isothermal thermogravimetry) studies for the research of thermal degradation kinetics. According to the Flynn-Wall-Ozawa method [28] , the apparent thermal decomposition E a , can be defined from the TGA thermogram values. The TGA measurements of poly(NOPMA) were performed in the scanning state, from temperature range from 25 to 500°C, under a nitrogen flow (10 mL/min), at different heating rates (5.0, 10.0, 20.0, 30.0 and 40.0°C/min). The TGA curves were recorded at the end of each measurement and the weight losses were then transferred to a computer at diverse temperatures. The plot logb vs. 1/T obtained from a series of experiments performed at several heating rates, should be a straight line whose slope allows evaluation of E a :
where R is a constant and b is the heating rate (°C/min). According to Eq. (1) above mentioned, the E a of degradation can be obtained from the slope of the linear relationship between logb and the reciprocal of the temperature, as given in Fig. 4a,  b ; it was found that the activation energy for weight loss to 30 % was decreased as and not on the individual products formed during degradation. The activation energies calculated for the thermal degradation of poly(NOPMA) are summarized in Table 2 .
Changes in FT-IR spectra during degradation of poly(NOPMA)
The FT-IR spectra of poly(NOPMA) partially degraded at different temperatures are shown in Fig. 5 by comparing with structural changes. For this purpose, a poly(NOPMA) film prepared on salt plates was heated to 240, 260, 320, 340, 360, 380 and 420°C under argon atmosphere at a heating rate of 10°C/min. The FT-IR spectra for degradation of poly(NOPMA) were recorded after some heating stages and illustrated in Fig. 5 . As displayed in Fig. 5 , the FT-IR spectrum of poly(NOPMA) heated to 240°C was similar to same that of the original polymer. While the O-H band at 3418 cm -1 is decreased to 320°C, the anhydride peaks (1801, 1759 cm -1 ) started to appearing and became maximum at 360°C, and at 380°C the anhydride band almost disappeared. The elimination of H 2 O and the formation of anhydride band during decomposition of poly(NOPMA) showed that depolymerization at any temperature to the corresponding monomer was not prominent in the thermal degradation of poly(NOPMA). The FT-IR spectrum of poly(NOPMA) heated to 260°C showed a new shoulder which characterizes the carbonyl absorption at 1801 cm -1 . This band became a maximum in the FT-IR spectrum of the polymer heated at 360°C. With increasing temperature for degradation of the polymer, the intensities of bands at 1801, 1759 and 1016 cm -1 in the infrared spectra were observed. The residue after degradation at 240°C is still soluble in organic solvents such as CHCl 3 , CH 2 Cl 2 , and DMSO. These spectroscopic changes suggested that considerable disappearance of the ester structures in the polymers accompanied their degradation, while cyclic anhydride structure was formed. The formation of a six-membered cyclic anhydride has been also observed for the thermal degradation of many poly(methacrylate ester)s [29] [30] [31] .
Product identification studies
In a degradation ampoule having a condenser, product collection ring and a rotary pump, about 450 mg poly(NOPMA) was heated at a heating rate of 10°C/min from room temperature to 320°C and then its residue was again heated to 500°C. The two CRFs, one at 320°C (CRF 1 ) and the other were collected at 500°C (CRF 2 ). The mixture of products (CRF 1 and CRF 2 ) produced from the degradation of poly(NOPMA) was characterized using FT-IR, 1 H-NMR, GC-MS techniques. In addition, the condensable gas and evaporating liquid generated from ambient temperature to 320°C were collected and characterized by FT-IR. The FT-IR spectra of fraction trapped at -196°C (Fig. 6a), CRF 1 (Fig. 6b) , and CRF 2 ( Fig. 6c) are compared with each other in Fig. 6 . As seen in Fig. 6a , the FT-IR spectrum of the fraction trapped at liquid nitrogen (-196°C) during degradation of poly(NOPMA) heated to 320°C contains characteristic bands 3450 cm -1 (O-H stretch), 1670 cm -1 (O-H bending vibrations). These bands showed that poly(NOPMA) heated to 320°C considerably eliminate their water. The FT-IR spectrum (Fig. 6a) of volatile fraction trapped at -196°C confirmed the formation of H 2 O. The absence of C=O band between 1700 and 1800 cm -1 for CRF 1 illustrated in Fig. 6b is an important evidence for formation of a-naphthol by side : 128) . So, all the FT-IR, 1 H-NMR data confirmed that depolymerization is not during degradation of poly(NOPMA) to 320°C and then to 500°C. So, the main product in degradation of poly(NOPMA) is a-naphthol. This may be due to the absence of b-hydrogen atom adjacent to the ester oxygen or CH next to OH in NOPMA moieties. The formation mechanisms of some products during degradation are suggested in Schemes 5 and 6.
The dielectric properties
The surfaces of the poly(NOPMA) were painted with silver paste to make better contact between two the electrodes. It was dried at 45°C under vacuum and then kept in a dried environment, for the elimination of any moisture effects. The capacitance (C p ) and the loss factor, the AC conductivity of the poly(NOPMA) were investigated at frequency ranging from 50 Hz to 2 MHz, and for different temperatures at 1 kHz. of a particular dielectric on the capacitance of a condenser. The dielectric constant value says how much bigger or smaller the area becomes. The dielectric constant was calculated from C p (capacitance) using Eq. (2):
where C is the capacitance; d, the thickness; A, surface area of the sample and e o , is 8. sample, and A is surface area of the sample. Figure 8a , b shows dependence of the dielectric constant and dielectric loss on frequency (50 Hz-2 kHz) for poly(-NOPMA). The dielectric constant and the loss factor for poly(NOPMA) are e 0 = 5.56 and e 00 = 0.0956 at 1 kHz, respectively. The dielectric constant was decreased with increasing frequency. This trend in dielectric constant has been reported in many studies observed at frequency ranges of a few MHz [33, 34] . A somewhat more rapid decrease in e 0 can be seen over the frequency range 1-300 kHz. The hydroxyl (OH) and C=O groups of poly(NOPMA) are Fig. 8 Plots of a dielectric constant (e 0 ) and b dielectric loss (e 00 ) versus frequency comprehensively responsible for the permittivity. The dielectric permittivity of a material, e 0 , represents the amount of dipole alignment and the loss factor, e 00 , measures the energy required to align dipoles or move ions [35] . Also, it arises due to the polarization of molecules and the permittivity increases with polarization. This may be due to the tendency of induced dipoles in the macromolecules to orient themselves in the direction of the applied field in this frequency range. The dielectric constant calculated for poly(NOPMA) (e 0 = 5.56) is much better than that of most of commercial polymers such as polystyrene (PS) (e 0 = 2.2), poly(methylmethacrylate (PMMA) (e 0 = 3.5), polytetrafluoroethylene (PTFE) (e 0 = 2.1). The conductivity depending on frequency and temperature is due to hopping of the charge carriers in the localized states and a increase in the dielectric constant with temperature indicates that thermal energy converts the bound charges to the charge carriers [36] . Figure 9 shows the plot of lnr ac versus 10 3 /T from which activation energy was calculated using the Arrhenius equation. The temperature dependence of the AC conductivity can be written as follows [37] :
where r o is the pre-exponential factor, k is the Boltzmann constant and DE is the apparent activation energy. Figure 9 shows temperature (T) dependence of AC conductivity r ac measured at different frequencies in the temperature range of 303-473 K. Figure 8 shows the variation of lnr ac versus 10 3 /T from which the activation energy was found to be 0.837 eV using Eq. (3). 
Conclusion
NOPMA was polymerized by free radical polymerization method in the presence of AIBN at 60°C. The glass transition temperature of poly(NOPMA) was measured as 110°C by differential scanning calorimetry (DSC). Poly(NOPMA) was heated from room temperature to 320°C, and then 500°C, respectively. The cold ring fractions (CRFs) were collected at two different temperatures, initially fraction-1 (CRF 1 ) is from room temperature to 320°C and the other fraction-2 (CRF 2 ) is from 320 to 500°C. All fractions were investigated by FT-IR, 1 H and 13 C-NMR spectroscopic techniques and the cold ring fractions (CRFs) were also characterized by GC-MS. For the degradation of polymer, the major products of CRFs are a-naphthol. The GC-MS, IR and NMR data showed that depolymerization below 320°C to the corresponding monomer was not prominent in the thermal degradation of poly(NOPMA). The mode of thermal degradation including formation of the major products was suggested. The dielectric permittivity (e 0 = 5.56), the loss factor (e 00 = 0.0956) and conductivity (r ac ) were measured using an impedance analyzer in the frequency range of 50 Hz to 20 kHz. Both dielectric loss and dielectric constant seem to decrease with increase in the applied field frequency and increase on increasing temperature.
